Maternal protein restriction causes metabolic alterations associated with hypothalamic dysfunction. Because the consequences of metabolic programming can be passed transgenerationally, the present study aimed to assess whether maternal protein restriction alters the expression of hypothalamic neuropeptides in offspring and to evaluate hormonal and metabolic changes in male offspring from the F1 and F2 generations. Female Swiss mice (F0) were mated and fed either a normal-protein (NP group; 19 % protein) or a low-protein (LP group; 5 % protein) diet throughout gestation of the F1 generation (NP1 and LP1). At 3 months of age, F1 females were mated to produce the F2 generation (NP2 and LP2). Animals from all groups were evaluated at 16 weeks of age. LP1 offspring had significantly lower weights and shorter lengths than NP1 offspring at birth, but they underwent a phase of rapid catch-up growth. Conversely, the LP2 offspring were not significantly different from the NP2 offspring in either weight or length. At 16 weeks, no differences were found in body mass among any of the groups, although LP1 and LP2 offspring showed hypercholesterolaemia, hypertriacylglycerolaemia, hyperglycaemia, glucose intolerance, insulin resistance, increased levels of insulin, leptin and resistin, decreased endogenous leptin sensitivity, increased adiposity with elevated leptin levels and leptin resistance characterised by altered expression of neuropeptide Y and pro-opiomelanocortin without any changes in the leptin receptor Ob-Rb. We conclude that severe maternal protein restriction promotes metabolic programming in F1 and F2 male offspring due to a dysregulation of the adipoinsular axis and a state of hypothalamic leptin resistance.
The tendency towards obesity may begin very early in life (1) .
The increasing worldwide incidence of obesity in the last decade has led to a need to define and understand the physiological mechanisms that predispose individuals to gain weight in infancy, childhood and adulthood (2) . Furthermore, exposure to an inappropriate level of nutrition during prenatal and/or postnatal development can have significant implications for the ability of an individual to regulate their body weight after birth, which can predispose one to obesity later in life (3, 4) . Different experimental protocols altering the maternal diet have been developed to understand the changes involved in the neuroendocrine control of body weight. In maternal obesity models, pups develop leptin resistance and the components of intracellular signalling are altered as a result of the intra-uterine environment combined with an inadequate postnatal diet (1, 5, 6) . Similarly, maternal malnutrition also influences hypothalamic development, in that restricted maternal diets result in a neonatal leptin surge that is able to disrupt the hypothalamic anorexigenic pathway (7, 8) . The literature further demonstrates that permanent hypothalamic dysfunction can result from changes in gene expression related to energetic homeostasis with maternal protein restriction during fetal development and/or early postnatal life (9) . Other consequences may also be related to alterations in the neonatal leptin surge (10) , as leptin plays a fundamental role in the development of regulatory circuits in the early postnatal lives of rodents beyond the control of food behaviour later in life (11, 12) . Energy balance is regulated by feedback from peripheral hormonal and metabolic signals on the central integrating circuits, which are concentrated in the hypothalamus and primarily expressed in the arcuate nucleus (13) . This hypothalamic neural network integrates signals that relate energy supply, energy utilisation and total energy reserves to appropriately regulate food intake and energy expenditure, thus maintaining energy balance (14) . Leptin, a major signal for energy balance, is derived from adipose tissue (15) and is considered very important in the activation of the hypothalamic nuclei. Leptin signalling primarily conveys information about the size of the body's energy reserves and thus provides negative feedback on food intake (16) . Leptin acts at hypothalamic receptors, mainly the leptin receptor Ob-Rb, to initiate a signalling cascade through effectors such as Janus kinase/signal transducers and activators of transcription factors (JAK/STAT) (17) . Once phosphorylated, STAT-3 is transported into the nucleus to alter the gene expression of neurotransmitters that are responsive to hormones (18) . Orexigenic effects are the result of the action of neuropeptide Y (NPY) at specific receptors (19) and Agouti-related peptide (AgRP) binding at melanocortin receptors. Conversely, pro-opiomelanocortin (POMC) processing produces a-melanocyte-stimulating hormone (a-MSH), which promotes anorexigenic effects by acting at the same melanocortin receptors (20) . Therefore, leptin signalling via Ob-Rb stimulates the production of neuropeptides that are responsible for the suppression of food intake, and inhibit the expression of orexigenic peptides in the arcuate nucleus (21) . In a previous study, we observed intriguing experimental evidence to suggest that altered glucose metabolism and body composition were passed from the F1 to the F2 generation when F0 mothers were fed a protein-restricted diet (22) . To follow up on this observation, the present study aimed to first assess whether maternal protein restriction alters the expression of a panel of neuropeptides that have been implicated in hypothalamic leptin signalling. The present study also sought to evaluate peripheral hormonal and metabolic changes in the mature male offspring from the F1 and F2 generations.
Experimental methods

F1 generation
A total of ten 8-week-old, virgin, female Swiss mice (F0) were maintained under a 12 h light -12 h dark cycle (artificial light from 00.00 to 12.00 hours) in a room with controlled temperature (21^28C) and humidity (60^10 %). All procedures were performed in accordance with the Guide for the Care and Use of Laboratory Animals (US National Institutes of Health 85-23, revised 1996) and approved by the Animal Ethics Committee at the Biology Institute of the State University of Rio de Janeiro.
Females (F0) were mated with proven male breeders, and the day on which spermatozoa were present in a vaginal smear was designated as the day of conception (day 0). Pregnant mice were then isolated and randomly assigned to one of two groups; one group was fed a normal-protein diet (NP group; 19 % protein; n 5), and the other was fed a low-protein diet (LP group; 5 % protein; n 5) (diets were produced by Prag Soluções, Jau, SP, Brazil). The two diets were isoenergetic (1900 kJ/100 g), and the low-protein diet was compensated for energy by the addition of carbohydrates (starch). The mineral and vitamin content of both diets was identical and in accordance with the recommendations of the American Institute of Nutrition (AIN-93) (23) . When F0 mothers gave birth to the F1 generation, the pups were weighed and the litter size was recorded. After delivery, F0 mothers from both groups were fed the NP diet. To standardise the food supply, litters were adjusted to six pups per litter (if possible, a 1:1 sex ratio was maintained; ano-genital distance was used to determine sex). The pups were raised until weaning, after which one male pup per litter was randomly assigned to each of the F1 groups (NP1 and LP1).
F2 generation
F1 females aged 8 weeks old (five per group) were mated to proven male breeders from outside the study, producing the F2 generation (NP2 and LP2). The F1 females were fed the NP diet during pregnancy, and the same procedures described for the F1 generation were used to obtain the F2 groups of males.
Biometry and food intake after weaning
Body mass (BM) and naso-anal length (NAL) were measured weekly. Daily food consumption was measured as the difference between the amount of food provided and the amount of food remaining 24 h later. Food intake was not only recorded in absolute terms but was also adjusted for BM ((g food/g BM) £ 100).
Metabolic profile
An oral glucose tolerance test (OGTT) was performed at week 15. After a 6 h fasting period, 25 % glucose was administered in sterile saline (0·9 % NaCl) by oral administration at the dose of 1 g/kg BM. Blood was drawn from the tip of each animal's tail to measure plasma glucose concentrations, which were assessed with a glucometer (Accu-Chek Go; Roche Diagnostics, Mannheim, Germany) before glucose administration and at 15, 30, 60 and 120 min after administration (24, 25) . In addition, an intraperitoneal insulin tolerance test (IPITT) was performed at week 16. After 4 h fasting, insulin was injected intraperitoneally (34·1 mg (0·75 IU)/kg BM). As described above, plasma glucose concentrations were measured before insulin injection and at 15, 30, 60 and 120 min after injection (25) . The area under the curve was calculated for both tests using the trapezoid rule to assess glucose intolerance (OGTT) and insulin resistance (IPITT).
Euthanasia
F1 and F2 offspring were raised to an age of 16 weeks. Before euthanasia, the animals were heparinised and deeply anaesthetised with intraperitoneal sodium pentobarbital (150 mg/kg BM) after a 6 h fast. Blood was collected by cardiac puncture from the right atrium.
Brains were rapidly harvested, and hypothalami were dissected using the optic tracts, lateral sulci, mammillary bodies and thalamus as landmarks (26, 27) . After dissection, each hypothalamus was immediately frozen on dry ice and then stored at 2 808C for further molecular analyses. Retroperitoneal, epididymal and subcutaneous fat pads were also removed, weighed, rapidly frozen and stored at 2 808C for further molecular analyses. The subcutaneous fat:visceral fat ratio was calculated as inguinal fat mass/epididymal and retroperitoneal fat masses. Adipose tissue was fixed for 48 h at room temperature in freshly prepared fixative (1·27 M-formaldehyde in 0·1 M-phosphate buffer; pH 7·2). After processing, the fat samples were embedded in Paraplast plus (Sigma-Aldrich, St Louis, MO, USA), cut into 5 mm thick slices and stained with haematoxylin and eosin for visualisation with light microscopy.
Biochemical analyses and serum hormone concentrations
Plasma was obtained by blood centrifugation (120 g for 15 min) at room temperature and stored individually at 2 208C until analysis. Total cholesterol and TAG were measured by a colorimetric method (Bioclin, Belo Horizonte, Brazil). Fasting serum levels of insulin, leptin and resistin were measured by multiplex ELISA (Millipore, Billerica, MA, USA). Homeostatic model assessment of insulin resistance (HOMA-IR) was calculated to assess peripheral insulin resistance, and homeostatic model assessment of b-cell function (HOMA-b) was calculated to assess the functional capacity of pancreatic b-cells (28) . The energy intake (kJ/d):plasma leptin concentration (ng/ml) ratio was used to quantify endogenous leptin sensitivity (29) .
Adipocyte morphometry
The cross-sectional area of the adipocytes was determined in epididymal adipose tissue (visceral fat) using digital images (TIFF format, 36-bit colour, 1280 £ 1024 pixels, LC Evolution camera, Olympus BX51 microscope) analysed with the software Image-Pro Plus version 7.0 (Media Cybernetics, Silver Spring, MD, USA). At least fifty adipocytes per animal (n 5) were randomly measured, totalling 250 adipocytes per group.
Western blotting
Expression of leptin in adipose tissue and Ob-Rb, NPY and POMC in the hypothalamus was detected by immunoblotting. About 100 mg of epididymal adipose and hypothalamus tissue were harvested in ice-cold lysis buffer containing a protease inhibitor cocktail (Sigma-Aldrich). The supernatant fraction protein concentration was determined with a bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL, USA).
Protein (10 mg per sample) was denatured by boiling for 5 min and then separated by electrophoresis in 10 % (w/v) SDS-polyacrylamide for the hypothalamus or 12 % (w/v) SDS-polyacrylamide for the adipose tissue. A molecularweight marker (Bio-Rad, Hercules, CA, USA) was included on the gels to identify the molecular weights of the specific proteins of interest. The proteins were transferred to a nitrocellulose membrane and incubated for 1 h in a blocking solution containing 5 % non-fat dry milk in 2-amino-2-hydroxymethyl-propane-1,3-diol (Tris)-buffered saline with 0·05 % Tween (pH 7·4) (TBS-T), followed by overnight incubation in TBS-T at 48C with the primary anti-mouse Ob-R polyclonal antibody, anti-mouse NPY polyclonal antibody, anti-mouse POMC polyclonal antibody, anti-mouse leptin polyclonal antibody or anti-mouse b-actin monoclonal antibody. All primary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The membrane was then incubated for 1·5 h with horseradish peroxidase (HRP)-conjugated donkey anti-goat secondary antibody for Ob-R, HRP-conjugated goat anti-rabbit for NPY and POMC, HRP-conjugated donkey anti-rabbit for leptin and HRP-conjugated goat anti-mouse for b-actin in T-TBS. Immunoreactive bands were detected with ECL reagent (Amersham Biosciences, Piscataway, NJ, USA). The density ratios of the bands were measured using Image-Pro Plus software version 7.0 (Media Cybernetics).
Statistical analysis
Data are expressed as mean values with their standard errors. Differences between groups in the same generation or between the F1 and F2 generations were analysed using t tests. Additionally, the body-weight data over time were analysed by mixed-model ANOVA. All statistical analyses were performed with GraphPad Prism Software (GraphPad Prism version 5.03 for Windows; GraphPad Software, San Diego, CA, USA). P values # 0·05 were considered statistically significant.
Results
Biometric results and adipocyte morphometry
Analysis of both the F0 and F1 mothers found no differences in either the size (n) or proportion of sexes (female/male) per litter (data not shown). However, the protein-restricted diet during pregnancy resulted in significant differences in the biometric parameters (BM and NAL) among the F1 generation during lactation. Specifically, the average BM of the LP1 offspring at birth was reduced by 39 % (P, 0·0001) when compared with the NP1 offspring. However, by 4 weeks of age (P¼0·081) and until the end of the study (P¼ 0·7018), there were no differences in BM between the LP1 and NP1 mice. In contrast to the F1 generation, the BM of the LP2 group was not significantly different from that of the NP2 animals at birth (P¼0·1494) or throughout the experiment (P¼ 0·0878 at 16 weeks old) (Fig. 1) .
During lactation, all groups demonstrated a weekly BM gain that was statistically significant when analysed by mixedmodel ANOVA. In the post-weaning period, NP1 (F ¼ 7·160; P¼ 0·0035) and NP2 (F ¼ 8·595; P¼ 0·0010) offspring gained weight weekly until they reached the age of 7 weeks, while the LP1 offspring (F ¼ 4·980; P¼ 0·0013) gained weight significantly until week 10. By contrast, the weight gain of LP2 offspring (F ¼ 5·659; P¼0·0085) was more similar to that of the NP1 and NP2 offspring, which ceased by 7 weeks.
A comparison of the NAL between groups demonstrated that the LP1 mice were 10 % shorter at birth than the NP1 mice (NP1 ¼ 3·08 (SEM 0·04) cm; LP1 ¼ 2·78 (SEM 0·07) cm; P¼ 0·0059). On the contrary, the NAL of the LP2 mice did not differ from that of the NP2 mice (NP2 ¼ 3·18 (SEM 0·03) cm; LP2 ¼ 3·26 (SEM 0·07) cm; P¼ 0·3242) at birth. Furthermore, there was no difference in NAL among any of the groups at the end of the study (
Although there were no significant differences in the BM among the groups at 16 weeks, the LP1 and LP2 groups demonstrated increases of 82 and 103 %, respectively, in body fat percentage as compared with the corresponding NP groups. This increase was further characterised as increases of 150 and 136 % for visceral fat and 82 and 95 % for subcutaneous fat in the LP1 and LP2 groups, respectively. The subcutaneous fat:visceral fat ratio was similar for both the LP1 and LP2 offspring (Table 1 ). In addition, the LP1 and LP2 offspring had 70 and 71 % hypertrophy of adipocytes relative to the NP1 and NP2 offspring, respectively (P,0·0001) (Fig. 2) .
Lipid profile
Altered lipid profiles were found in the LP groups from both generations. LP1 and LP2 offspring were hypercholesterolaemic, as indicated by a 26 % increase in serum cholesterol. LP1 and LP2 mice also had increases of 55 and 114 % in serum TAG levels when compared with the NP1 and NP2 mice, respectively. Comparison of the two LP groups revealed an increase of 25 % in serum TAG levels in the LP2 relative to the LP1 offspring (Table 1) .
Metabolic profile (glucose homeostasis and hormone concentrations)
At the age of 16 weeks, LP1 and LP2 offspring showed an increase of 26 and 23 %, respectively, in fasting glycaemia relative to the corresponding NP mice. Serum insulin was also increased by 130 and 152 % in the LP1 and LP2 offspring over the NP1 and NP2 offspring, respectively. No significant differences in glycaemia or insulinaemia were found between the LP1 and LP2 offspring ( Table 1) .
The OGTT revealed higher serum glucose levels in LP offspring than in NP offspring, quantified as an increase of 25 % (P¼ 0·0426) and 32 % (P¼0·0038) in the LP1 and LP2 offspring, respectively. This indicates glucose intolerance in the LP offspring, but no difference between the F1 and F2 generations (P¼ 0·4200) (Fig. 3) . Furthermore, the IPITT demonstrated insulin resistance in LP offspring, measured as a 105 % increase (P,0·0001) in the area under the curve for the LP1 offspring and a 40 % increase (P¼0·0035) for the LP2 mice when compared with the NP offspring (Fig. 3) . Similar results were obtained for the HOMA-IR, with an increase of 230 and 256 % for the LP1 and LP2 offspring, respectively (Table 1) . According to the HOMA-b results, LP1 offspring contained greater numbers of b-cells, which were increased by 66 % relative to the NP1 and 63 % relative to the LP2 mice (Table 1) . Resistin levels were also increased by 44 % in the LP1 and 56 % in the LP2 when compared with the NP1 and NP2 offspring, respectively. There was no difference in resistin levels between the F1 and F2 offspring (Table 1) . In summary, the differences encountered between the LP1 and LP2 offspring in the IPITT (P¼ 0·0003) and HOMA-b (P¼ 0·0232) analyses suggest that insulin resistance is more pronounced in the LP1 than in the LP2 offspring. 
Food intake and serum leptin
Food intake, when adjusted for BM, was not significantly different among the groups (Table 1) . However, the concentration of serum leptin in the LP1 and LP2 offspring was increased by 218 and 608 %, respectively, relative to the NP1 and NP2 offspring, indicating a state of leptin resistance in the LP offspring. Interestingly, serum leptin in the LP2 offspring was 87 % higher than the level in the LP1 offspring (Table 1) . With the analysis of energy intake in relation to serum leptin levels, the present study demonstrates that both the LP1 and LP2 offspring showed a 200 % decrease in endogenous leptin sensitivity, as compared with the respective NP offspring. No differences were found between the F1 and F2 groups in endogenous leptin sensitivity, however (Table 1) .
Leptin signalling in the adipose tissue and in the hypothalamus
LP1 and LP2 offspring, when compared with NP1 and NP2 offspring, had respective increases of 33 % (P¼ 0·0067) and 34 % (P¼ 0·0053) in leptin expression in visceral adipose tissue, without differences between the generations (P¼0·5629). No differences were found in b-actin expression between the groups (LP1, P¼0·9791; LP2, P¼0·0853; LP1 v. LP2, P¼ 0·0914; NP1 v. NP2, P¼0·7069) (Fig. 4) . Despite the differences in adipose leptin levels, no differences were observed in hypothalamic leptin receptor expression among the groups (LP1, P¼0·8227; LP2, P¼0·9877; LP1 v. LP2, P¼ 0·5906) (Fig. 4) . Regarding the expression of hypothalamic neuropeptides, similar increases were observed for the expression of NPY in both LP groups (P¼0·4715); specifically, NPY was increased by 62 % (P¼0·0351) in LP1 and 57 % (P¼ 0·0114) in LP2 when compared with NP1 and NP2 offspring. POMC, however, was decreased by 105 % (P¼ 0·0306) in the LP1 group only and remained unchanged in the LP2 group relative to the NP2 offspring (P¼ 0·9905). The LP2 POMC level, therefore, differed significantly from the LP1 POMC level (P¼0·0284) (Fig. 5) . Again, no differences were observed for b-actin expression between the groups (LP1, P¼ 0·1997; LP2, P¼0·1076; LP1 v. LP2, P¼ 0·1710; NP1 v. NP2, P¼0·8615).
Discussion
In the present study, we observed a lower birth weight for F1 generation pups born to mothers fed a low-protein diet, and this nutrient restriction in F1 mothers was further transferred to the F2 generation. LP1 mice showed intrauterine growth retardation, clearly evident at birth, but in the post-weaning period we observed compensatory growth during the lactation period and extended BM gain in these animals (until week 10), characterising a catch-up in BM. Furthermore, the two generations (F1 and F2) subsequently developed progressive glucose intolerance, insulin resistance and marked adipocyte hypertrophy with significant alterations in the central mechanisms of leptin signalling characterised by leptin resistance later in life.
Adipocyte development begins in the fetus and, in contrast to other tissues whose growth ceases late in juvenile NP1, normal-protein diet first generation; LP1, low-protein diet first generation; NP2, normal-protein diet second generation; LP2, low-protein diet second generation; F1, first generation; F2, second generation; HOMA-IR, homeostatic model assessment of insulin resistance; HOMA-b, homeostatic model assessment of b-cell function. * Mean value was significantly different from that of the normal-protein group of the same generation (t test). † Mean value was significantly different from that of the F1 counterpart (t test).
development, has the capacity for 'unlimited' growth (30) . Previous studies have demonstrated that this hypertrophic catch-up phenotype is likely to predispose individuals to decreased adipose tissue insulin sensitivity, enhanced secretion of pro-inflammatory adipokines that induce insulin resistance in all insulin-sensitive tissue (31, 32) and/or spillover of lipids to non-adipocytes (with ectopic lipotoxicity). These effects exacerbate insulin resistance in insulin-sensitive tissues and consequently increase systemic insulin resistance and impair glucose tolerance (33) . The present study identified an increase in blood insulin, HOMA-IR, HOMA-b and resistin levels, as well as altered OGTT and IPITT in both the F1 and F2 generations. This is a strong indication that maternal protein restriction leads to alterations in the glucose metabolism of pups, which can be transmitted across generations. In accordance with the previous study, no effect on food intake by the pups was observed (34) . Thus, the higher adiposity observed in LP offspring was probably not due to a difference in energy intake but rather to the thrifty phenotype of these animals (35) . Additionally, all the described dysfunctions converge to alter overall lipid metabolism, possibly due to changes in the expression of genes involved in fat metabolism, insulin signalling and ageing (36) . These changes lead to an altered lipid profile with high levels of cholesterol and TAG, as were found in the LP1 and LP2 offspring. Alterations in adiposity are especially important when considering that energy balance is regulated by feedback from peripheral hormonal and metabolic signals on a central circuit mediated by the hypothalamus (4) . In these processes, both leptin and insulin control nutritional status and energy storage levels by modulating the expression of neuropeptides, such as NPY and a-MSH (a derivative of POMC) in the hypothalamic nuclei (37, 38) . Indeed, the hypothalamus plays a pivotal role in programming fetal and neonatal development. In rodents, evidence suggests that hypothalamic 'malprogramming' begins in utero and continues in early postnatal life (suckling period), leading to disturbed hypothalamic organisation and, consequently, long-lasting dysfunction in adulthood (26) . It was recently demonstrated that maternal protein restriction affects brain development in utero by significantly decreasing the expression of sixteen genes involved in DNA methylation, cell-cycle proliferation, developmental processes and synaptogenesis (10) . Here, maternal protein restriction led to peripheral and sequential central insulin and leptin resistance. Peripheral leptin resistance was evaluated by calculating the energy intake:plasma leptin concentration ratio. Although no differences were found in energy intake, a disparity between leptin levels and energy homeostasis was identified. This result is evidence of an unaltered energy intake despite the elevated leptin levels, indicating an alteration in energy homeostasis. Leptin resistance at the central level may occur because leptin fails to cross the blood -brain barrier, hypothalamic receptors are down-regulated or there are abnormalities in the leptin receptor signalling pathway (39) . To identify the mechanism of leptin resistance in the LP offspring, Ob-Rb, NPY and POMC levels were measured. Arcuate nucleus neurons expressing NPY co-express leptin and insulin receptors (40) , both of which inhibit the expression of NPY (41) . POMC is the precursor of anorexigenic melanocortins (42) . a-MSH is believed to be crucial for the regulation of food intake and body-weight homeostasis, and leptin also stimulates the expression of POMC (43) . In the present study, central leptin resistance was demonstrated as an increase in leptin expression in adipose tissue, accompanied by dysfunction in the modulation of the hypothalamic neuropeptides in adult offspring from both the F1 and F2 generations. It is important to emphasise that very few experimental data are available regarding the long-term consequences of maternal protein restriction on neuroendocrine peptide expression in adult offspring. In a hyperleptinaemic state, the mRNA expression of Ob-Rb in the hypothalamus has been shown to increase at first, but it then decreases in the presence of continuous leptin stimulation. Consequently, leptin signalling in the hypothalamus is inhibited despite elevated plasma levels (29, 44) . High levels of leptin are presumed to signal positive energy balance and counteract this state through two pathways; the expression of anorexigenic genes, such as POMC, is increased in response to leptin, whereas the expression of orexigenic genes, such as NPY, is decreased (26) . The LP offspring in the present study showed no changes in Ob-Rb expression, although they did demonstrate alterations in the expression of other hypothalamic neuropeptides. Therefore, the high plasma leptin levels observed in the pups whose mothers were protein-restricted were not sufficient to diminish NPY or to increase POMC in these animals. Furthermore, a high expression of NPY and a low expression of POMC were observed in F1 adult offspring. A high expression of NPY was also observed in the F2 generation, while the expression of POMC was unchanged relative to the NP offspring.
The present study reinforces the suggestion, which is gaining support in the literature, that nutrition in fetal and early life perpetually makes an impact on energy balance systems. The failure of hyperleptinaemia to affect NPY mRNA levels in the LP offspring suggests that NPY neurons are less sensitive to leptin suppression, which is in agreement with a recent description of NPY neuronal resistance (45) . Alterations in the NPY neurons of fetal and postnatal offspring support the suggestion that the NPY system is a key target of programming, possibly controlling the body-weight set point (46, 47) . Additionally, increases in NPY expression may be the result of inhibited leptin signalling due to a reduced activation of STAT-3 or an increased expression of suppressor of cytokine signalling-3 (SOCS-3), which inhibits leptin signalling (48) .
In the LP2 offspring, leptin resistance could be the result of multiple factors, including epigenetic mechanisms and possible maternal hyperglycaemia. It has been proposed that physiological and metabolic alterations in the maternal organism that result in intra-uterine undernutrition, combined with the metabolic stress from pregnancy, may result in metabolic intergenerational programming (49) . In a recent study, it was observed that altered maternal glucose contributes to leptin resistance in offspring without reducing the number of leptin receptors (50) . Importantly, hyperglycaemic mothers give birth to offspring with 'malorganisation' of the hypothalamic neurons, characterised by an increase in NPY and Agouti-related peptide (AgRP) neurons and a decrease in MSH neurons with no change in POMC expression at weaning (51) . The epigenetic theory proposes that developmental programming occurs through changes in gene expression without alterations in the DNA sequence (52) due to DNA methylation (53) or changes in the terminal regions of histones (54) . Metabolic programming can also be promoted by alterations in mitochondrial DNA, leading to the transmission of altered phenotypes to subsequent generations through the maternal lineage (55) .
In conclusion, the findings presented here allow us to conclude that severe maternal protein restriction promotes metabolic programming characterised by increased adiposity with alterations in the lipid profile, glucose intolerance and insulin resistance due to a disruption in the adipoinsular axis and hypothalamic leptin resistance in both the F1 and F2 generations.
